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I. INTRODUCTION 

Optical magnetometers explore optical signals which 
exhibit suitable dependence on magnetic field. One cat- 
egory of optical magnetometers applies high-resolution 
laser and / or radio-frequency (rf ) spectroscopy for gener- 
ation of narrow resonances whose positions in frequency 
vary with the magnetic field. Sensitivity of these de- 
vices depends mainly on the width of a given resonance, 
whereas the measurement range depends on the ability 
to determine the resonance position. Second category of 
optical magnetometers exploits magneto-optical phenom- 
ena, mainly the Faraday [lj, Macaluso-Corbino [2], and 
Hanle 0| effects. These phenomena are characterized by 
changes of the scattered- light intensity or polarization oc- 
curring around zero-magnetic field. The resonances may 
have dispersive shapes which allows to determine weak 
magnetic fields (B « 0) within the range comparable to 
the resonance widths. However, a common constraint of 
the devices from both categories is that the resonance 
width affects not only the sensitivity but also the range 
of measurable magnetic fields; the smaller the width, the 
better sensitivity but narrower range. 

Significant progress in the development of optical mag- 
netometers exploiting the magneto-optical rotation has 
been reached by the advent of tunable lasers that al- 
lowed to take full advantage of resonant enhancement of 
the Faraday rotation (see, for example, Ref. Q). An- 
other important consequence of application of lasers was 
the ability to explore the nonlinear magneto-optical rota- 
tion (NMOR), particularly the nonlinear Faraday effect 
associated with Zeeman coherences [1, The nonlin- 
ear Faraday effect produced much narrower rotation res- 
onances at B = 0, which allowed reaching sensitivity far 
greater than that achieved with magnetometers employ- 
ing the linear Faraday effect. However, the increase of the 
sensitivity was associated with a considerable reduction 
of the measurement range to very weak magnetic fields 
only. A significant step in alleviating this drawback was 
the application of synchronous pumping of atoms. This 
idea goes back to the works of Bell and Bloom and 
Corney and Series fgj and the possibility of its applica- 
tion in context of magnetometry leading to an extension 



of the dynamic range was suggested before the "laser era" 
[jj. Yet, it was only in Ref. [a| that this possibility was 
experimentally verified. By the use of frequency modula- 
tion (FM) of light [H], the rotation signal acquired multi- 
ple extra resonances, the two most prominent occurring 
at B = ±hQ, m /2gfift, where fl m is the modulation fre- 
quency, g the Lande factor, and the Bohr magneton. 
The new, so-called, high-field resonances are as narrow 
as the zero-field one but their positions as a function of 
the magnetic field depend on the modulation frequency, 
hence they can be used for ultra-precise measurements of 
stronger fields. In a recent work jloj the dynamic range 
was extended up to the geophysical range with only a 
modest loss of sensitivity caused by nonlinear Zeeman 
and ac Stark effects. 

Although FM is a simple and convenient way of syn- 
chronous pumping, necessary for observation of the new 
rotation resonances in non-zero fields, it has its draw- 
backs, such as the ac Stark effect and off-resonance pump- 
ing of atoms. On the other hand, the amplitude modula- 
tion (AM) not only enables elimination of most of these 
limitations but, additionally, offers a possibility to apply 
specific modulation patterns. In particular, the pulsed 
excitation and probing, either with a standard one-beam 
arrangement [ll|, or with two separated beams (pump- 
probe configuration) [l3j], appears to be a very powerful 
magneto-optics tool for studies of the dynamic aspects of 
magneto-optical phenomena. Low duty cycles allow ob- 
servation not only of the resonances at B — ±HQ m /2gfiB 
but also at multiplicities of these values. The AMOR 
(Amplitude Modulated magneto-Optical Rotation) tech- 
nique and its suitability for creation of additional reso- 
nances extending the dynamic range of magnetometric 
measurements have been first described in Ref. [ll[. In 
Ref. the AMOR technique was compared with the 
NMOR technique exploiting FM of light. 

In this paper an application of the AMOR technique 
to high-sensitive, broad-dynamic range magnetometry is 
described. We demonstrate application of the technique 
for magnetic field measurements within the range of 0.1- 
40 mG with the sensitivity 4.3 x 10~ 8 G/V^z- Analy- 
sis of the limitations of the present arrangement shows 
possibility of extension of the measurement range to geo- 
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physical fields and reaching the sensitivity close to the 
fundamental quantum limit. 

The paper is organized as follows. In Sec.|ll]the exper- 
imental apparatus is described. In the next section the 
NMOR signals are presented and different factors lim- 
iting amplitudes and widths of the signals, hence sensi- 
tivity of the method, are discussed. Special attention is 
drawn to atomic collisions which are recognized as one 
of the main mechanisms of relaxation in dense vapors 
(> 10 11 atoms/cm 3 ). Section ITVl is dedicated to a de- 
scription of the method of magnetic-field tracking and 
the special algorithm enabling broad dynamic-range mea- 
surements. In Sec. [V] performance of the magnetome- 
ter is described, we comment on fundamental limits of 
the magnetic field measurements and discuss the demon- 
strated sensitivity of the method. Finally, conclusions 
are summarized in Sec. I VII 



II, EXPERIMENTAL SETUP 

The layout of the experimental apparatus is presented 
in Fig.[TJ A sample of isotopically enriched 87 Rb was con- 
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FIG. 1: Experimental setup. SAS - saturated-absorption- 
spectroscopy frequency reference, DAVLL - dichroic-atomic- 
vapor laser lock, AOM - acousto-optical modulator, A/2 - 
half-wave plate, P - polarizer. 

tained in a cylindrical vapor cell of 2-cm length and 1.8 
cm in diameter. Inner walls of the cell were coated with 
an antirelaxation (paraffin) layer which prevented atoms 
from depolarizing collisions with the walls and in this 
way lifetimes of ground-state Zeeman coherences were 
prolonged by three orders of magnitude to about 20 ms. 
In our cell at room temperature the lifetime is deter- 
mined mostly by collisions of the atoms with uncoated 
surfaces inside the cell stem. The cell was placed inside 
a non-magnetic oven temperature-stabilized between 15 
and 60° C. Three nested /z- metal layers provided magnetic 
field shielding with about 10 4 efficiency. Residual mag- 
netic fields remaining inside the inner-most layer were 
compensated by a set of three mutually perpendicular 
magnetic-field coils also used for application of a well- 
controlled field to the rubidium atoms. 



An external-cavity diode laser was used as a light 
source. Its frequency was tuned to the center of the 
F = 2 — > F' = 2 hyperfine component of the rubidium 
Dl line (795 nm) and stabilized with the dichroic-atomic 
laser lock (13 . fl5| . Light frequency reference was pro- 
vided by saturation spectroscopy. Before traversing the 
vapor cell, light passed through an acousto-optical mod- 
ulator (AOM) optimized for the first-order diffraction. 
An 80 MHz radio-frequency (rf) signal driving AOM 
was amplitude-modulated with frequencies f2 m ranging 
from 100 Hz to 50 kHz, with different modulation depths 
m = (/ max - IjDin)/Imax, waveforms, and duty cycles. 
In front of the cell a high-quality crystal polarizer was 
placed to ensure pure linear polarization of the incident 
light beam of 2 mm in-diameter. Light intensity was 
adjusted by a half-waveplate situated in front of the po- 
larizer. After traversing the cell, polarization of the light 
beam was analyzed by a balanced polarimeter consisting 
of a Glan prism with an axis set at 45° with respect to 
the incident-light polarization and two photodiodes. A 
polarimeter differential signal was fed to a lock-in ampli- 
fier and measured at the first harmonic of the modulation 
frequency fi m . A lock-in signal was stored on a computer 
which also controlled the light-modulation frequency fl m 
and the magnetic field inside the shield. 



III. RESULTS 

In Fig. [2] the NMOR signal measured versus the mag- 
netic field with fixed modulation frequency (fi m sa 1 kHz) 
is presented. As seen, the in-phase component of the sig- 
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FIG. 2: (Color online) In-phase (black) and quadrature (red) 
components of the NMOR signal recorded in the magnetic 
field domain. The central feature seen at B ~ is associated 
with the "typical" nonlinear Faraday effect while two satellites 
appear due to synchronous pumping of atoms. The vertical 
offsets of the high-field resonances in the in-phase component 
are related to transit effect (see text). The signals were mea- 
sured for 1 — 8 /iW/mm 2 and square- wave modulation with 
50% duty-cycle. 
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nal consists of three dispersive-like resonances. The cen- 
tral feature situated at B = is associated with the "typ- 
ical" nonlinear Faraday effect, i.e., a similar signal would 
be observed with CW light [33j. Two satellite features are 
the high-field resonances centered at B — ±hQ, m /2gfi B . 
The widths of these resonances, as well as the width of 
the zero-field resonance, are determined by an effective 
time of interaction between light and atoms. In paraffin- 
coated cells this time is related to the so-called wall- 
induced Ramsey effect [16]; polarized atoms leave the 
light beam, bounce off the walls many times and return 
to the beam being still polarized. Thus the effective time 
of interaction between light and atom is prolonged to the 
time of round trip in which atomic polarization is pre- 
served. 

Two high-field resonances recorded in-phase are verti- 
cally offset in opposite directions symmetrically relative 
to zero. The exact mechanism of this offset is not clear 
yet and is a subject of independent studies. Most likely, 
it is caused by atomic thermal motions and atoms' tran- 
sit across the light beam. In that case, the atoms spend 
finite time within the light beam and do not reach sta- 
tionary conditions [TtI . Ha , HoL |20| . This leads to appear- 
ance of broad, not necessarily Lorentzian contributions 
to the NMOR resonances with widths determined by the 
transit time. In the described experiment this time was 
about 10 (is, hence its contribution to the NMOR signals 
was about thousand times broader than the narrowest 
NMOR resonances. 

The quadrature component of the signal consists of two 
high-field absorptive-like features of opposite signs com- 
posed of narrow resonances with broad pedestals. We 
associate the pedestals with the transit effect, mentioned 
above. Another feature observed in quadrature is a small, 
dispersive-like signal at B = 0. Basing on previous mea- 
surements and the observed light-intensity depen- 
dence of that feature, we link it with the alignment-to- 
orientation conversion [2l[. This effect arises when strong 
light converts atomic alignment into longitudinal orienta- 
tion by a combined action of the magnetic field and elec- 
tric field of light on the atomic polarization. For lower 
light intensities the feature disappears which supports 
our interpretation. 

In Fig. d the NMOR signal around the high-field 
resonance is presented in the modulation-frequency do- 
main with fixed magnetic field. As before, the in-phase 
and quadrature components are characterized by the 
dispersive- and absorptive-like curves, respectively, that 
are centered at 2g^B/h with the width determined by 
the relaxation rate 7. Similarly to Fig. [21 the in-phase 
component of the NMOR signal is slightly offset. The 
offset depends on the Larmor frequency, as shown in the 
inset, and it is characterized by a wing of dispersive curve 
with the maximum at ~16 kHz. This value is consistent 
with the ~10 /is time of atom flight through the beam 
which confirms our interpretation of the offset. 

Since the width of the NMOR signal is associated 
with the ground-state relaxation rate, NMOR can be em- 
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FIG. 3: (Color online) In-phase (black) and quadrature (red) 
components of the NMOR signal as functions of the modula- 
tion frequency (B ~ 0.7 mG). The inset shows the vertical off- 
set of the resonance, which is related to the transit effect (see 
text), for different magnetic fields. The signals were recorded 
for I — 5 )iW/mm 2 and 50% duty-cycle square- wave modu- 
lation. 

ployed for investigations of relaxation processes of the co- 
herences jH, Several different physical mechanisms 
are recognized to be responsible for ground-state relax- 
ation in paraffin-coated cells. Some of them, such as 
collisions with the walls or relaxation due to magnetic 
field inhomogeneities, are independent of atomic concen- 
tration, while others, e.g., collisions between the atoms, 
are density dependent. The collisional relaxation is given 

by 

7c = R(I)Nva, (1) 

wh ere N i s the number density of atoms, v = 
A^k^T /nm is the the average relative velocity, fee is 
the Boltzmann constant, T is the temperature, m is the 
atomic mass, a is the collisional relaxation cross-section, 
R(I) is the so-called nuclear slow-down factor and 
I is the nuclear spin. 

In order to calculate the temperature dependence of 
the atomic density, and hence the density dependence 
of the relaxation rate 7 C , an analysis similar to that of 
Ref. [HI is performed. We use the phenomenological re- 
lation between pressure p and temperature T [26j 

lo Slo p(T)=A-^+CT + DlogT, (2) 

where A, B, C, and D are the numerical factors, and the 
ideal gas equation 

p(T) = Nk B T. (3) 

Combining Eqs. ((2]) and ([3]) one obtains relation between 
N and T 

lQA-B/T+CT+D\o g T 
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FIG. 4: (Color online) Amplitude (red circles) and width 
(black squares) of the NMOR resonance vs. the atomic den- 
sity and cell temperature. In the presented range, the width, 
and hence the relaxation rate of the ground-state coherences 
7, increases linearly with the atomic density, while the am- 
plitude dependence is fit to the phenomenological function 
N/(l + N)e~ N (see text). The signals were measured with 
1 = 3 /iW/mm 2 . 



Using Eq. Q we plot the density dependences of the 
amplitude and width of the NMOR signal (Fig. [J). The 
width dependence was fit with 



7c AT 7in 

— =a m N+— , 
Zir Zir 



(5) 



where agt is the parameter proportional to the collisional- 
relaxation cross-section and 7; n denotes the density inde- 
pendent relaxation rates. The fit yields a^ t — 36.2(8) x 
1(T 12 Hz/cm 3 and 7in = 2tt x 19.4(2) a -1 . Using 
Eq. (TJ with R(I) w 0.2 [27[, one recalculates ag t into 
the collisional-relaxation cross-section, cr e xp = 2.79(6) x 
10~ 14 cm 2 . This value exceeds by about 40% the lit- 
erature value [24] of the spin-exchange cross-section, 
(T se = 2.0(1) x 10~ 14 cm~ 2 . In fact, evidence for ex- 
cess surface relaxation depending on the atomic vapor 
density has been reported also in other experiments with 
paraffin-coated cells, see, for example, Refs. [13, 

As shown in Fig. 01 the amplitude of the NMOR reso- 
nance depends on the atomic density in a nonlinear way. 
For low densities the amplitude grows linearly with N, 
while for higher densities the dependence levels off which 
is caused by the rising light absorption in the cell, which 
is reflected by the N exp(— N)/(l + N) dependence. In 
the context of NMOR, this effect was previously studied 
in uncoated cells in Ref . (25l . . 

The sensitivity of the described magnetometric tech- 
nique depends on the slope of a central part of the NMOR 
resonance measured in the modulation-frequency domain 
(see Sec. [Vj. To a good approximation this slope is de- 
termined by a ratio of the signal amplitude to its width. 



Thus for a given light intensity we take this ratio as a 
magnetometer figure of merit. 

Using results presented in Fig. IH we plot the 
amplitude-to- width ratio as a function of the atomic den- 
sity and cell temperature (Fig. [5]). For low densities the 
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FIG. 5: Amplitude-to-width ratio of the NMOR signal vs. the 
atomic number density and the temperature of vapor cell. For 
the fixed light intensity the ratio determines the sensitivity of 
the magnetic field measurements. 

ratio increases with concentration, but then it saturates. 
For even higher concentrations the amplitude-to-width 
ratio drops which results in reduced sensitivity of the 
magnetic-field measurements. Existence of the maximum 
indicates the optimal concentration for which the largest 
magnetometric sensitivity of the method is achieved. 
The maximum arises due to density-related relaxation 
and it occurs when the density-dependent and density- 
independent relaxations become comparable (see Fig. [5]). 
Decrease of the density-dependent relaxation rate would 
improve the method's sensitivity. In our experimental 
conditions a distinct maximum associated with the high- 
est sensitivity was observed at N w 1.6 x 10 11 atoms/cm 3 
(~55°C). 



IV. MAGNETIC FIELD TRACKING 



In Sec. HU] we showed that the positions of the high- 
field NMOR resonances in the magnetic field domain 
are determined by the modulation frequency, B — 
±htt m /2gfift. Thus, by controlling the modulation fre- 
quency so that the resonance condition is fulfilled one 
can track the varying magnetic field. 

As discussed in Sec. El the sensitivity of the optical 
magnetometer is determined by the slope of the reso- 
nance used for field measurements. Therefore, from the 
point of view of the magnetometer sensitivity, it is desir- 
able to have strong and narrow NMOR resonances. How- 
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ever, another important characteristic of the magnetome- 
ter is its bandwidth, i.e., response time of the magne- 
tometer to a small change of a magnetic field. Therefore, 
the choice of optimal conditions of the magnetometer re- 
quires compromising between its sensitivity and band- 
width. 

Analyzing the resonance signals, such as the one de- 
picted in Fig. 02 it can be shown that the in-phase com- 
ponent is well suited for a magnetic field tracking. If 
the resonance conditions are initially fulfilled, a change 
of the magnetic field is reflected in a modification of the 
output signal, negative if the field increases and positive 
if it decreases. Thus, in the simplest realization of the 
magnetometer, the device can operate with a feedback 
loop automatically adjusting the modulation frequency 
to keep the signal level constant. However, a significant 
disadvantage of this method is its limited dynamic range 
related to the magnetic-field-dependent offset of the high- 
field resonances (see inset in Fig. [3]). Due to the offset 
the magnetometer readout is burdened with a systematic 
error, or for more significant field changes, for which the 
offset is bigger than the amplitude of the signal, the mag- 
netometer can completely lose the field-tracking ability. 

In order to avoid such errors one might take use of 
higher derivatives of the signal or measure the NMOR 
signal at the higher harmonics of the modulation fre- 
quency; instead we developed a procedure that uses both 
components of the NMOR signal to track the field. After 
a change of the field intensity the in-phase component is 
first used to obtain information about a direction of the 
field change and bring the system somewhere close to 
the resonance. It is realized in the same manner as de- 
scribed above, i.e., the in-phase readout is compared with 
a preset value and the modulation frequency is coarsely 
modified to compensate the magnetic-field change. Af- 
ter this adjustment, the magnetometer switches modes 
and starts to use the quadrature component of the sig- 
nal. At this stage the modulation frequency is modified 
such that the minimum of the quadrature component, 
and hence the field intensity is determined. After finding 
a new position of the resonance, the in-phase reference 
level is reset and this new value is used to track a suc- 
cessive change of the field. Application of this procedure 
enabled a tenfold increase of the dynamic range of the 
magnetic field measurement (from 4 mG to 40 mG). At 
the current stage of the experiment, the range is limited 
by technical issues. 

In Fig. [6] the magnetometer tracking signal obtained 
with the described method is shown in a range from 
0.1 mG to 40 mG. For this measurement, every 9 s the 
field was increased by ~150 fiG. After the field change, 
the magnetometer adjusted itself to a new value using the 
algorithm described above. It is worth noting that such 
arrangement enables measurement of static or slowly- 
varying magnetic fields and remains immune to the os- 
cillating magnetic fields such as those associated with ac 
line. 
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FIG. 6: Tracking signal of the magnetometer. Every 9 s the 
magnetic field was increased by ~150 fiG. After the change 
the magnetometer adjusted the modulation frequency to fulfill 
the resonance conditions (see inset). 

V. PERFORMANCE AND SENSITIVITY 

In this Section, we discuss the quantum limit on the 
sensitivity and the obtained performance of the magne- 
tometer. 



A. Quantum limit 

Sensitivity of optical magnetometers, such as the one 
described in this paper, has an intrinsic quantum limit. 
In general, that limit can be expressed as 

5B Ql = v /ZbJ + SBl b , (6) 

where SB at is the atomic shot-noise limit and SB^ is the 
photon shot-noise limit. 

The atomic shot-noise limit originates from fluctua- 
tions of the number of atoms that contribute to the signal 
and depends on finite lifetime of the light-induced atomic 
polarization. For alkali-vapor magnetometers this limit 
is given by 

SBat = — X * 1-1— , (7) 

where V c denotes the cell volume. Since the atomic 
shot-noise limit is proportional to the square root of the 
ground-state relaxation rate 7, a significant reduction of 
that limit can be achieved in paraffin coated or buffer- 
gas vapor cells. Moreover, analyzing Eq. ((Tj) , one obtains 
that higher sensitivity can be achieved with bigger cells 
and in more dense media. However, as shown in Sec. IIIIl 
for higher atomic density relaxation due to atomic colli- 
sions becomes an important factorf and j/N ratio does 
not decrease with the concentration [34|. 
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The second contribution to the quantum limit of the 
magnetometric sensitivity is associated with the photon- 
shot noise in optical polarimetry 



1 



2y^ 



P h 



(8) 



where N p h refers to the total number of photons inci- 
dent on the polarimeter. Expressing N p h as a function of 
the light intensity, we derive formula for the photon-shot 
noise limit on the magnetic field measurements 
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where A-^ is the NMOR signal amplitude, / denotes the 
average light intensity, a — ir(d/2) 2 is the beam area with 
d being the light-beam diameter, At is the duration of 
the measurement, and c is the speed of light. 

As discussed above, AM enables modification of the 
waveforms, duty cycles, and modulation depths of light. 
A change of either of these parameters is reflected in the 
amplitude A-^ and the width 7 of the high-field resonance 
and, consequently, in the sensitivity of the magnetic-field 
measurements. Using Eq. J9]), the light-intensity depen- 
dence of the photon shot-noise limit of the magnetic-field 
sensitivity is plotted for three different modulation types 
used in our experiment: the sine modulation and square- 
wave modulation with 25% and 75% duty cycles, all with 
100% modulation depths and the same maximum light 
intensity (Fig. [7j) . The results, presented in Fig. [3 show 
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FIG. 7: (Color online) Photon shot-noise limit on the magne- 
tometric sensitivity <5-B p h determined for three different mod- 
ulation types: sine modulation (blue triangle), square wave 
modulations with 25% (black squares) and 75% (red circles) 
duty cycle, all with 100% modulation depth and the same 
maximum light intensity. 

that among these three modulation waveforms the high- 
est photon shot-noise limit on the magnetometric sensi- 
tivity can be achieved for the square-wave modulation 
with 25% duty cycle. 



For the NMOR signals recorded with the described 
magnetometer we have calculated the photon and atomic 
shot-noise limits on the sensitivity being SB ph — 3.9 x 
10- 10 G/VHz and 5B at = 3.2 x lO" 11 G/VHz, respec- 
tively, and the overall quantum limit on the magnetome- 
ter sensitivity 5B ql w 3.9 x 10~ 10 G/Vlz. 



B. Demonstrated sensitivity 

In order to find an intrinsic magnetometer sensitiv- 
ity it is necessary to determine the smallest magnetic- 
field change still recognized by the device. In a perfectly 
shielded environment this value is given by an amplitude 
of the recorded noise. However, in real conditions, it is 
impossible to distinguish between the fluctuations origi- 
nating from the magnetic-field fluctuations 5B{ from the 
ones related to different kinds of noise 5B& (shot-noise, 
polarimeter noise, electronics noise, etc.). The latter are 
indeed limiting factors of the magnetometer performance, 
while the former ones result from a response of the mag- 
netometer to magnetic-field changes and should not be 
considered as performance limits. Therefore, for anal- 
ysis of the magnetometer sensitivity, it is practical to 
record a power spectral density (PSD) of the rotation 
signals. PSD allows determination of the signal-to-noise 
ratio (S/N) and provides additional information about 
the system operation. For known S/N, the sensitivity 
can be calculated as 



ar - h 7m 
gfj, B S/N 



(10) 



where 7 m is the measured width of the NMOR resonance. 

Square root of the PSD of a typical signal provided by 
the operating magnetometer is shown in Fig. [8l The cen- 
tral peak is due to the Faraday rotation at twice the Lar- 
mor frequency, whereas its nearest sidebands are related 
to magnetic field oscillating at 50 Hz, seen because of im- 
perfect shielding of ac line. The value of S/N ext » 6900, 
depicted in Fig. El with the NMOR resonance width 
of ~ 21 Hz for the applied pump beam intensity, cor- 
responds to the measured magnetometer sensitivity of 
SB exp = 4.3 x 10~ 9 G/VHz. 

The demonstrated sensitivity of the magnetometer is 
about an order of magnitude lower than its shot-noise 
limit. This is related to the fact that apart from the quan- 
tum limit, there are other factors which more severely 
limit the magnetometer sensitivity. One such factor is 
the atomic density. According to Ref. [HI], the strongest 
NMOR signals are observed in a medium with an optical 
depth close to unity, i.e., when each photon is scattered 
by atoms once. In room-temperature rubidium vapors 
contained in cells of small dimensions the optical depth 
is lower than unity, so it is necessary to heat the cell to 
increase the density. However, along with the rise of the 
atomic density, the adverse density-dependent relaxation 
becomes faster and broadens the NMOR resonances. It 
is thus necessary to compromise between the width and 
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FIG. 8: Square root of the power spectral density of the 
magnetometer signal. The central peak is the magnetometer 
response at twice the Larmor frequency at 0.72 mG. Side- 
bands are due to imperfect shielding of the 50 Hz line. Broad 
pedestal of the signal is an artifact due to application of square 
windowing of the signal which precisely reproduces the signal 
amplitude but causes its broadening. The measurement was 
performed at T ~ 55°C and I = 6.4 /iW/mm 2 with square- 
wave modulation of 41% duty cycle. 



VI. CONCLUSIONS 



We have demonstrated the all-optical magnetometric 
technique which allows measurements of slowly varying 
magnetic fields in the range of 40 mG with the sensitivity 
of 4.3xl0 -9 G/\/Hz. We discussed the quantum limit of 
the method associated with the atomic and photon shot- 
noise. The shot-noise analysis showed that our experi- 
mental technique still leaves room for improvement. 

Work towards extension of the dynamic range of mag- 
netic field measurements to higher field (ultimately the 
Earth magnetic field) and increasing of the sensitivity 
of the method is in progress. In particular, we concen- 
trate on development of the self-oscillating magnetome- 
ters [H, E2|. In that technique the NMOR signal is 
used for modulation of pumping light. This realization of 
the experiment enables measurements of magnetic fields 
varying with a frequency up to 1 kHz and offers substan- 
tial simplification of the setup which is important from a 
point of view of commercialization of the technique. 
Acknowledgments 



amplitude of the rotation signal when working with small 
cells. In our experiment in which the 2-cm long vapor cell 
was used, the best compromise was achieved for optical 
depth about 0.35 that is about 3 times smaller than in 
the case of the large cell setup with optimized shot-noise 
sensitivity. Additional suppression of the sensitivity is 
caused by the light scattering losses and electronic com- 
ponent noise. 
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